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Highlights
• An overset mesh based multiphase flow solver for ship slamming is proposed.
• The method can handle moving bodies with large amplitude motions in air and waves.
• The method can successfully avoid non-physical oscillations on solid boundaries.
• The method can accurately predict the slamming loads on structures.5
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Abstract
This paper extends a recently proposed multi-region based numerical wave tank (Martı´nez-Ferrer et al., 2016 [1])
to solve water entry problems in naval engineering. The original static linking strategy is developed to enable the
dynamic coupling of several moving regions. This permits the method to deal with large-amplitude motions for
structures slamming into water waves. A background grid and one or more component meshes are firstly generated15
to overlay the whole computational domain and the sub-domains surrounding the structures, respectively. During
computation, the background mesh is fixed while the small grids move freely or as prescribed without deformation
and regeneration. This effectively circumvents the large and often excessive error-prone dynamic deformation of a
single-block mesh as well as the complex and time-consuming mesh regeneration. Test cases of dam breaking with
and without obstacles are first conducted to verify the developed code by comparing the numerical solution against20
experimental data. Then the new code is used to solve prescribed and free-fall water entry problems. The obtained
results agree well with experimental measurements and other computational results reported in the literature.
Keywords: naval engineering, computational fluid dynamics, slamming
1. Introduction
Launching free-fall lifeboats from large vessels and offshore platforms under high sea states presents a vital chal-25
lenge to maritime safety. The most crucial problem occurs at the moment when the lifeboat slams into water waves
and experiences extremely violent hydrodynamic impact pressures and forces, which could severely damage the ves-
sel and threaten the safety of the crew and passengers on-board [2, 3]. A versatile numerical modelling tool that
can accurately and efficiently predict these critical hydrodynamic loadings is urgently needed to assess the potential
life-threatening risks in the early stages [4].30
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From the point of view of numerical simulation, modelling the whole process of the launching operation is a
most challenging task. The fluid flow is not steady but changes rapidly with respect to the kinematics and dynamics.
Obviously, the problem is not single phase but actually involves a complex multi-phase flow involving both air (high
wind) and water (large waves) [5]. Although air and water are usually treated as incompressible fluids in many
ocean and naval applications, the compressibility of an air and/or water-air mixture could significantly influence the35
hydrodynamic loadings on a structure under critical conditions. This important effect must be carefully taken into
account in modelling complex free surface flows [6–8].
Considering the dropping height of the lifeboat from the mother ship or offshore platform to the sea surface, the
amplitude of the motion of the small vessel could be well above its own size. It is very demanding to deal with such
a large amplitude motion in computational fluid dynamics by using deforming mesh methods alone, which usually40
can only handle relatively small amplitude motions. Some researchers have proposed introducing grid regeneration
into dynamic deforming meshes when the mesh quality has severely deteriorated [9, 10]. However runtime mesh
regeneration for complex problems is extremely time-consuming and error-prone [11].
This limitation obliges scientific researchers to look at other advanced methodologies to overcome the inherent
difficulty of deforming mesh methods. Efforts have been devoted to the development of immersed boundary [12]45
and Lagrangian particle methods [13, 14]. For multiphase flow impact problems, however, non-physical oscillations
of computed pressures have been observed without being fully addressed in these works. On the other hand, in the
context of single-phase flow problems e.g. aerodynamics, a novel method allowing the use of several overlapping
meshes simultaneously has been developed to deal with multiple stationary or moving bodies. This strategy, namely
overlapping, overset or Chimera grid methods, has proved to be an effective way to handle moving boundaries with50
large amplitude motions in aerospace engineering [15–17]. However the investigation and application of overset mesh
methods in free surface hydrodynamics is still quite limited. Attempts to introduce overlapping grid techniques into
open source CFD codes have been reported in the literature by some researchers [18, 19]. However these authors did
not address the crucial impact of pressures and forces on structures, which is a major concern of the present work.
Consequently, it is uncertain whether they could properly handle challenging slamming problems for maritime safety.55
Moreover these works rely on third-party proprietary software, which make it difficult for other researchers and users
to access them.
In the present work we aim at taking advantage of the flexibility and robustness of overset mesh methods to solve
representative water entry problems for lifeboat launching operations. This paper extends our recently proposed multi-
region based numerical wave tank named wsiFoam (Ferrer et al. , 2016 [1]) to solve water entry problems in naval60
engineering. The original static interface linking strategy, which exchanges information at the fixed boundaries be-
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tween different non-overlapping meshes by using a linear interpolation, is developed to permit the dynamic coupling
of several moving regions. This enables the method to deal with large-amplitude motions for structures slamming into
water waves. A background grid and one or more component meshes are firstly generated to overlay the whole com-
putational domain and the sub-domains surrounding the structures, respectively. During computation, the background65
mesh is fixed while the small grids are able to move freely or as prescribed without deformation or regeneration. This
effectively circumvents the large and often excessive error-prone dynamic deformation of a single-block mesh as well
as the complex and time-consuming mesh regeneration. The developed computer program utilises the OpenFOAM
framework only and it does not depend on any other third-party software like the overset grid library SUGGAR++
applied in the reported works [18, 19].70
The remainder of the paper is organised as follows. Section 2 describes the free surface flow model and the
underlying numerical solution methodology. The procedure to implement the overset mesh technique for solving
multiphase flow problems is presented in Section 2.2. Test cases of dam breaking with and without obstacles are
firstly conducted to verify the developed code in Section 3. Then the code is applied to solve vertical and oblique
water entry of wedges and ship hulls in Section 4. Final conclusions are drawn in Section 5.75
2. Multiphase flow model
The numerical code wsiFoam developed in our early work [1] consists of several solvers for free surface problems:
1) a standalone incompressible two-phase flow solver interFoam, 2) a compressible two-phase flow solver compress-
ibleInterFoam and 3) a coupled model linking non-overlapping incompressible and compressible regions through a
static interface, at which the flow kinematics and dynamics are exchanged between different regions by applying a80
linear interpolation. The first two basic flow solvers come with standard releases of the open source library Open-
FOAM. The coupling method offers a suitable way to deal with the complex physics of wave-structure-interaction
problems. Each of these has been tested and validated through a series of benchmark cases including dam break, wave
propagation, inviscid vortex, pseudocavitation and air-enclosed sloshing wave impacts [1, 20]. In addition to these
three primary options, the numerical code can be utilised in a flexible way to combine multiple incompressible and/or85
compressible regions. Moreover in each region either a rigid or deforming mesh can be easily adopted to allow for
efficient computation of the whole domain. This is superior to the use of a single-block deforming grid for the whole
domain, which could be dramatically slow [21].
The framework of wsiFoam is inherited here to treat each small flow region as a sub-domain of the whole field. The
present work develops the original static interface linking strategy to permit the dynamic coupling of several moving90
regions. To avoid over-complicating the development of the new method, we focus on the implementation of the
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overset mesh capability in the component solver interFoam. The aim of the present work is to assess the effectiveness
and accuracy of the developed method.
2.1. Governing equations
The underlying component package interFoam is an incompressible two-phase pressure-based solver. It solves the95
three-dimensional equations for two incompressible phases, i.e. air and water, using the volume of fluid (VOF) method
with special emphasis on maintaining a sharp free surface. The first equation to be solved is for mass conservation.
For an incompressible two-phase flow, where the densities of both fluids are constants, only the mass balance equation
for the water volume fraction α ∈ [0, 1] is considered
∂α
∂t
+ ∇ · Uα + ∇ · Ucα(1 − α) = 0, (1)
where the volume fraction for the water component is given by100
α =
Ωwater
Ωwater + Ωair
(2)
and U is the mixture velocity vector and Uc is a velocity field suitable to compress the interface [22]. The third term
in Eq. (1) is a compression term that helps to maintain the interface sharp and bounded between zero and unity (see
Section 4.2.1 of the work [22] for detailed formulae calculating the compression term). The air-water mixture is
considered as homogeneous in the present work, therefore the momentum equation for the flow is given by
∂ρU
∂t
+ ∇·(ρUU) = ∇·(µ∇U) − g·x∇ρ − ∇pd, (3)
where ρ = αρwater + (1 − α)ρair is the density of the mixture (note that the sum over the volume fractions of water105
and air is equal to unity), pd = p − ρg · x is the dynamic pressure. Furthermore, the mixture viscosity is given by
µ = αµwater + (1 − α)µair, g and x are the gravity and the position vectors, respectively. Heat and mass transfer terms
are not considered in the present work, hence they are not included in Eq. (3).
The governing equations (1)–(3) are linearised and integrated over each control volume to determine α and U,
respectively, and a pressure corrector linearised equation is solved for pd. This solution procedure relies on the110
segregated projection algorithm PIMPLE [23], derived from the PISO procedure [24], which allows for equation
under-relaxation to guarantee convergence of the solutions at each time step.
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2.2. Overlapping meshes
Figure 1 illustrates the essential idea of overset mesh methods. Let us suppose that we have a one-dimensional
domain of [0, 1] with Dirichlet boundary conditions at the left and right sides. If we split the big domain into two115
sub-domains A and B, then the overall solution on the whole domain could be obtained by solving the problem in
each sub-domain. In the sub-domain A, the solution is fixed at the left end. However the value at its right side (point
6), which needs to be used in computation, is unknown. Similarly, the value at the left side of domain B (point 7)
is also needed, but it is not known either. In order to obtain the values at points 6 and 7, which are usually named
fringe nodes, a proper interpolation of the surrounding values must be applied. For point 6, several donor nodes/cells120
should be selected from sub-domain B. Here we can choose points 7, 8, 9 and 10 as its donors and suppose values φi
(i = 7, . . . , 10) at these points are already known, then an appropriate explicit interpolation formula given by
φn+16 = (β7φn7 + β8φn8 + β9φn9 + βn10φn10)/β6 (4)
is used to obtain the information for point 6. In the formula (4), βi (i = 6, . . . , 10) are interpolation coefficients; the
superscripts n and n + 1 represent the current and next time steps, respectively. Besides this option, we can also derive
an implicit interpolation equation given by125
β6φ
n+1
6 − β7φn+17 − β8φn+18 − β9φn+19 − β10φn+110 = 0 (5)
where the values φ at the donor points 7, 8, 9 and 10 are supposed unknown, and assemble it with the flow field
equation. Hence the information at point 6 is implicitly obtained by solving the interpolation and field equations
together. Similar strategies can be used to deal with point 7. In the present work, the explicit interpolation formula (4)
is utilised to handle all the fringe nodes. The formula could be executed multiple times along with the prediction and
correction steps in a time step.130
A
B
0 1 2 3 4 5
7 8 9 10 11 12 13 14
6
Figure 1: The overlapping of two 1D meshes in a domain. Nodes 6 and 7 are usually named fringe points.
Although the problem presented in figure 1 is relatively simple as there is no structure, the underlying idea is
generic and suitable for complex problems with either stationary or moving bodies such as the water entry of a wedge.
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Figure 2: Hole cutting of two overlapping meshes in a 1D domain. A body-fitted mesh is used in sub-domain B to deal with the structure (grey
rectangular). The crossed grey points on sub-domain A are hole nodes/cells, their adjacent neighbouring (grey) points could also be excluded from
computation.
When a structure is present in any sub-region of the whole domain, extra work, namely hole cutting, needs to be done
to mark and block the mesh points/cells locating in or adjacent to the structure. Figure 2 shows an example of this
situation. Firstly a background mesh A is generated to overlay the whole domain without considering the structure.135
Then a body-fitted small mesh B is generated to deal with the structure (represented by the grey rectangle in the
figure). Before carrying out any computation of the flow problem, all the points/cells of mesh A need to be scanned
to mark and blank out all the elements located in the structure. Points 8 and 9 are in the structure, therefore they are
marked as hole points. Their neighbouring nodes 7 and 10 could also be blanked out to reduce the number of points
taking part in computation. In the computer program, these invalid hole points/cells do not need to be removed from140
memory, but a flag should be set for every point to indicate whether it is valid, invalid (in or close to the structure),
or on the fringe that needs interpolation. For mesh B, we can choose points 17 and 20 as fringe nodes. For mesh A,
the valid points adjacent to the hole cells could be selected as fringe points, hence points 6 and 11 are chosen. Please
note that for the purpose of simplicity, we only use one fringe layer for the examples shown in Figure 1 and 2. In real
applications, more layers can be used to ensure a smooth transition of flow information between different regions.145
Following the hole cutting procedure, attention should be paid to the domain connectivity information (DCI).
For every fringe point/cell on a mesh, a donor stencil from another mesh should be selected to aid the interpolation
procedure. If we look at the example in Figure 2, for point 17 of mesh B, we can choose nodes 4 and 5 of mesh A as
its donor stencil; for point 20, nodes 12 and 13 could be used as the donor stencil. For fringe point 6 of mesh A, we
can choose points 17 and 18 of mesh B as its donors. And we can use points 19 and 20 as the donors of node 11. This150
important information should be calculated and stored before solving the flow problem.
For stationary boundary problems, hole cutting and DCI need to be processed only once and stored in the computer
memory before solving the physical problem. For moving boundaries, these steps need to be repeated during flow
calculation. Figure 3 presents the whole procedure of the developed overset multiphase flow solver. It is very similar
to a routine CFD program, the difference lies in the inclusion of hole cutting, DCI and interpolation.155
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Figure 3: The flow chart of an overset multiphase flow solver. DCI: domain connectivity information.
3. Validation
The collapse of a water column, for which all the solid wall boundaries are stationary, is firstly considered to test
the developed code. The configurations of the 2D and 3D problems are illustrated in Figure 4 and 5, respectively.
3.1. Collapse of a 2D water column in an empty tank
As shown in the left part of Figure 4, the length of the water tank is 0.5 m, the height is 0.15 m. The water160
column’s height and width are 0.12 m and 0.06 m, respectively. The left, right and bottom sides of the water tank are
a = 0.06 m
L=0.5 m
0.12 m H=0.15 m
0.15 m
0.3 m
0.6 m
0.6 m
0.024 m
0.048 m
Figure 4: Initial configurations of the 2D water column breaking up without (left) and with (right) a rectangular obstacle. The dashed lines represent
the boundaries of the sub-domains.
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Figure 5: Setup of the 3D dam break with an obstacle (units in metres). (A) Frontal view, (B) Left view, (C) Top view, (D) The obstacle and
pressure sensors. H2 and H4 are wave gauges. P1 and P3 are pressure transducers installed on the vertical surface of the obstacle facing the water
column.
Figure 6: Overlapping meshes for the 2D water column breaking up in an empty tank. The grey area represents the fringe cells.
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Figure 7: Dam break without object. Left: water front position; Right: water height.
rigid walls. The top side of the tank is an open boundary. At the initial state, a barrier is placed at the right side of the
water column to keep it still. The water starts to collapse when the barrier is suddenly removed.
Due to the simple geometry of this problem, the whole domain is divided into two halves in the horizontal direction
(near the middle). Two uniform meshes with a cell size of 2.5 mm × 2.5 mm are generated for the left and right parts.165
Figure 6 shows the overlapping meshes for this problem. In the vertical direction, both meshes have 60 cells. In the
horizontal direction, the left sub-domain spans from 0 to 0.2575, the right sub-domain spans from 0.2425 to the right
end of the water tank. Both parts have 103 cells in the horizontal direction; thus each sub-domain has three layers of
fringe cells.
Two important quantities, the position of the water front along the tank bottom and the height of the water column170
along the left wall, are monitored during the simulation. Figure 7 gives a comparison of the present computed result
with the experimental measurements of Martin and Moyce [25] and other reference calculations. Please note that all
the data presented in Figure 7 are dimensionless. For the water front position, the present results agree well with
the solution of Martı´nez-Ferrer et al. [1], while both are slightly above the experimental data and other calculations.
For the water column height, the present solution agrees well with the experimental measurements and all the refer-175
ence numerical computations [1, 26] except the one calculated by Murrone and Guillard [27], which shows a large
discrepancy compared to the other results.
3.2. Collapse of a 2D water column against an obstacle
The configuration of this problem is depicted in the right part of Figure 4. A square water tank has a side length
of 0.6 m with a rectangular obstacle installed at the middle of its bottom wall. The width of obstacle is 0.024 m and180
the height is 0.048 m. The water column has a width of 0.15 m and a height of 0.3 m. The top side of the tank is an
open boundary and all the other boundaries are rigid walls. Firstly a uniform mesh with 100 × 100 cells is generated
10
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Figure 8: Overlapping meshes for the 2D water column breaking up against a rectangular obstacle. Red: uniform background mesh; Blue: body-
fitted mesh around the obstacle. Only the lower half of the background mesh is shown here, the upper half is not shown due its simplicity. The grey
areas represent the fringe cell regions.
to discretise the whole domain without considering the small obstacle. Then a body-fitted uniform mesh covering
the region [0.18, 0.42] × [0, 0.15] (units in m2), of which the element size is 6 mm × 6 mm, is created to deal with
the obstacle. For this test case, there is no specific requirement on the size of the sub-domain, hence it is chosen185
for test purposes only. It actually could be reduced (or increased) as long as the generated mesh can provide proper
fringe cells (about three layers in general) to exchange information between grids. Figure 8 shows the generated
overlapping meshes. Figure 9 gives snapshots of the free surface at times 0.2, 0.4 and 0.5 seconds. It is shown that
the present calculation compares well with the experiments of Martin and Moyce [25] regarding the main features of
the collapsing water column.190
3.3. Collapse of a 3D water column against an obstacle
Figure 5 shows the set up of this 3D problem. The length of the water tank is 3.22 m, its cross section is a square
with side length of 1 m. A cuboid obstacle is installed on the bottom wall of the tank. The length of the obstacle is
0.403 m, its cross section is a square with side length of 0.161 m. The water column is placed in the right part of the
tank. The length of the water column is 1.228 m, its height is 0.55 m and its width is 1 m. Two wave gauges H2 and195
H4 are installed in the tank to measure the free surface elevation. Two pressure transducers P1 and P3 are installed on
the obstacle’s surface that faces towards the water column.
A background mesh with 267 × 79 × 71 cells is generated to cover the whole domain. The background mesh is
stretched towards the bottom wall and the obstacle. A body-fitted mesh with 110, 466 cells is created to handle the
obstacle. Figure 10 shows the body-fitted volume mesh around the small cuboid. Several snapshots of the computed200
free surface at different times are presented in Figure 11. At t = 0, the water is still and the barrier holding the water
is suddenly removed causing the water to collapse. At t = 0.4 s, the water front approaches the small obstacle closely.
At t = 0.6 s, the water hits the right side of the obstacle causing a strong upward splash, and the water also flows
11
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t=0.2 s
t=0.4 s
t=0.5 s
Figure 9: Collapsing water column hitting an obstacle. Left: present calculation; Right: experiment of Martin & Moyce (1952). From the top to
the bottom, t = 0.2, 0.4 and 0.5 s.
Figure 10: Volume mesh around the obstacle.
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through the gaps between the obstacles and the side walls of the tank. The water level in the right part of the tank
continues decreasing whilst in the left part it keeps increasing. At t = 2 s, the obstacle is fully submerged in the water.205
A comparison of the water heights at H2 and H4 computed by the present method and obtained by other researchers
is shown in Figure 12. For the wave gauge H2, all the results show two peaks from 1.5 s to 2.5 s. The measured peaks
are lower than all the numerical computations. For the wave gauge H4, the measured peak at around t = 3.8 s is larger
than all the numerical solutions. In general the present results compare well with the experimental data and other
reference computations.210
Figure 13 shows the pressures obtained at P1 and P3. At P1, the measured peak obtained by Kleefsman et al. [28]
is around 12 kPa. They also carried out simulations by using the ComFLOW code and obtained a peak value about 11.2
kPa. The peak pressure obtained by the present work is around 11.6 kPa, which lies between the measurements and
computations of Kleefsman et al. [28]. The numerical solution produced by Zhang et al. [13], which was calculated
by using a Lagrangian particle method, is very far from these results; they obtained a peak value of about 28.5 kPa215
at P1, which is more than twice of the measured peak. Due to the large discrepancy, their result is not fully shown
in the figure; please refer to their recent publication for details (see Fig. 17 of [13]). Also, their computational
results are very oscillatory near the pressure peak. After the peak, the pressure drops quickly. The experiment of
Kleefsman et al. [28] and the computation of Zhang et al. [13] show oscillatory spikes superimposed on the curves.
The simulation of Kleefsman et al. [28] and the present results are relatively smooth after the peak. Surprisingly, the220
ComFLOW code picks up a relatively large pressure peak of about 6.4 kPa at around t = 1.3 s, not found in the
experimental measurements or reproduced by other numerical simulations.
For the first pressure peak at P3, the measurement of Kleefsman et al. [28] is about 6.5 kPa whilst their computa-
tion gives a lower prediction of 4 kPa; the present work gives about 4.7 kPa, and Zhang et al. [13] produce the largest
value of 8.7 kPa. At t = 1.32 s, the ComFLOW code picks up another pressure peak of 8.5 kPa, which is not captured225
by other calculations and the experiment. At around t = 4.8 s, the pressure peak obtained by the ComFLOW code
is almost twice that in the experimental measurement and other computations. Regarding the overall trends and peak
values of the pressures, the present solutions can be seen to compare well with other reference results.
4. Water entry
Ship slamming is an important topic in ocean and naval engineering. For frontal and bottom slamming of ships,230
2D wedges and curved hull sections are widely used in experimental studies to investigate the hydrodynamic impacts
on the structure surface. This is much simpler, cheaper and quicker than 3D model tests, in which full-size ships
are scaled down to manufacture the complex and expensive models. Since the objective of the present work is to
13
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Figure 11: Snapshots of the computed free surface in the tank at different times.
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Figure 12: Vertical water heights in the tank at H2 (left) and H4 (right). Black lines: present results; Red lines: experiments of Kleefsman et al. [28];
Green lines: computations of Kleefsman et al. [28]; Blue lines: calculations of Zhang et al. [13].
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Figure 13: Pressure time histories at P1 (left) and P3 (right). Black lines: present results; Red lines: experiments of Kleefsman et al. [28]; Green
lines: computations of Kleefsman et al. [28]; Blue lines: calculations of Zhang et al. using a SPH method [13]. The peak value at P1 obtained by
Zhang et al. [13] is about 28.5 kPa, and it is not full shown here due to its large discrepancy compared to other results.
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α
Figure 14: Water entry problem. Left: global view of the experimental set up; Right: close up view of of a 2D wedge with titling angle θ.
develop a numerical tool to predict the hydrodynamic loadings on free-fall lifeboats, at this stage, attention is focused
on examining the developed method for wedge and hull section slamming problems.235
Figure 14 shows the set up of a water entry problem. The left part gives a global view of the water tank and the
structure of interest, which could be a wedge, hull section or other bodies. The right part gives a close up view of a
wedge, α = (γ1 + γ2)/2 and θ are usually called the deadrise and titling angles, respectively. The assessment of the
hydro-code is carried out in three incremental steps: 1) prescribed vertical entry, 2) prescribed oblique entry and 3)
free fall. Steps 1 and 2 provide idealised conditions for slamming problems, where the entry velocities of structures240
are fully controlled as prescribed. In step 3, structures are held still at first and then dropped into water freely.
4.1. Prescribed vertical entry
For the first group of slamming tests, two symmetric wedges with deadrise angles of 30◦ and 45◦ are considered.
Initially the wedges are held still with the tips placed at the free surface. They are then driven into the water with a
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Figure 15: Body-fitted meshes around the symmetric wedges. Left: α = 30◦, Right: α = 45◦.
constant velocity (0 m/s, -1 m/s). A relatively large region of [−8, 8]×[−8, 8] (units in m2) is chosen as the background245
domain. A uniform mesh with 200 × 200 cells is used to discretise the whole flow field for both cases. Both wedges’
top sides have a length of 2.4 m. A region of [−2.4, 2.4]× [−2.4, 3.2] (units in m2) enclosing the structure is chosen to
generate the small meshes at the initial state. Please note that the domain sizes are chosen only for test purposes; they
could be either increased or reduced if required. Figure 15 gives close up views of the generated body-fitted meshes
around the two wedges. Near the bottom surfaces of the wedges, small mesh elements are used in order to capture the250
slamming pressures accurately. For the wedge with a deadrise angle of 30◦, both of its left and right bottom surfaces
are discretised with 278 mesh cells. The small mesh has 40,550 cells for this wedge. For the wedge with α = 45◦,
both of its left and right bottom surfaces are divided into 340 segments. The small mesh has 45,804 cells for this
wedge.
Figure 16 exhibits the computed dynamic pressures around the wedges at t = 0.2 s. Comparing the left and right255
parts of the figure, it is shown that highest pressures appear in different places for these two wedges. For the wedge
with α = 30◦, the highest pressures (two red spots) occur symmetrically about its central section and they are away
from the tip. For the wedge with α = 45◦, the highest pressure (one red spot) focuses at the tip.
Figure 17 shows the pressure coefficients on the surfaces of these two wedges. The solid lines are the similarity
solutions obtained by Dobrovol’skaya [29]. The dashed lines represent the analytical solutions produced by Mei260
et al. [30]. The dots are the present results computed at 0.1, 0.12 and 0.15 seconds. The dimensionless forms of these
calculations at different times are very similar to each other, and all of them compare well with the similarity solution.
This confirms that impact pressures at different times are self-similar for a short period, when the inertia is dominant
compared to the gravitational effect [30, 31]. Free surface profiles computed at 0.1, 0.12 and 0.15 seconds are plotted
in Figure 18. The dimensionless forms are also self-similar to each other within a short impact period for both wedges.265
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Figure 16: Computed pressures at t = 0.2 s. Left: α = 30◦, Right: α = 45◦.
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Figure 17: Pressure coefficients on the wedges, Cp = (p− p0)/(0.5ρv2), p0 = 1 bar. Left: α = 30◦, Right: α = 45◦. Dashed line: similarity solution
of Dobrovol’skaya [29]; Solid line: analytical solution of Mei et al. [30]; Dot: present result.
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Figure 18: Non-dimensional free surface profiles. Left: α = 30◦, Right: α = 45◦.
17
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
4.2. Prescribed oblique entry
Here the oblique entry of a symmetric wedge and an asymmetric wedge, where the structures have non-zero
horizontal velocity u, is considered. The symmetric one has a deadrise angle of α = 45◦ with zero titling angle, thus
γ1 = γ2 = 45◦. For the asymmetric wedge, γ1 = 20◦ and γ2 = 40◦. In the calculations, the vertical entry velocity is
set to v = −1 m/s, while the horizontal velocity u is set to different values for each case.270
For the symmetric wedge, the same mesh shown in the right part of Figure 15 is utilised here. Figure 19 illustrates
the results obtained for different horizontal velocities. The ratio u/|v| equals 0, 0.1, 0.3 and 0.5 from the top row
to the bottom. The left column represents the pressure coefficients on the wedge surface, and the right part gives
the free surface profiles. Please note that all the values here are dimensionless. The solid lines in the figure were
calculated by Xu et al. [32]. The coloured dots are the present results computed at 0.1, 0.11 and 0.12 seconds. The275
free surface profiles obtained in the present work agree well with the reference results of Xu et al. [32]. For the small
velocity ratios 0 and 0.1, the present pressure solutions agree quite well with the work of Xu et al. The differences
between them grow with the velocity ratio. For u/|v| = 0.3 and 0.5, large discrepancies can be seen around the tip
of the wedge. This is due to the fact that Xu et al. [32] used a potential flow code, which does not account for fluid
viscosity and vorticity, to solve the slamming problem. However, the sharp tip of the wedge can induce relatively280
large vorticity when moving in the horizontal direction. This effect can not be properly handled by potential flow
theory [33]. Nevertheless, in general, both the potential flow code and the present two-phase viscous code produce
quite close results except in the region adjacent to the wedge tip.
Water entry of the asymmetric wedge is further considered here. The top left of Figure 20 shows the body-
fitted mesh around the structure. Before increasing the horizontal velocity, a pure vertical entry problem is solved.285
The top right of the figure exhibits the instantaneous dynamic pressure at t = 0.15 s. The bottom left depicts the
non-dimensional free surface profiles, and it is clearly seen that the present calculations are self-similar and agree
well with the solution of Xu et al. [32]. The bottom right part of the figure exhibits the pressure coefficients on the
wedge surface, in which the present solutions agree well with other reference results. It seems that Gu et al. [12]
over-predicted the pressure peak, and their computation is oscillatory along the wedge surface due to the use of an290
immersed boundary (partial cell) treatment of the solid object.
Figure 21 shows the pressure coefficients on the lower surfaces of the wedge computed for different horizontal
velocities. It is clearly shown that the present results agree well with the potential flow solutions of Xu et al. [32].
Though the calculation of Gu et al. [12] is generally acceptable, the produced pressure distribution along the wedge
surface is rather oscillatory. Comparing the left and right columns of the figure, it is shown that the tip of the wedge295
has more significant effect in reducing the pressure for forward movements (u > 0) than backward motions (u < 0).
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Figure 19: Vertical and oblique entry of a symmetric wedge, γ1 = γ2 = 45o. Left: dimensionless pressure Cp = (p − p0)/(0.5ρv2), p0 = 1 bar;
Right: dimensionless free surface profile.
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Figure 20: Water entry of an asymmetric wedge, γ1 = 20o, γ2 = 40o. Top left: mesh around the structure; Top right: pressure shaded contours;
Bottom left: free surface profile; Bottom right: pressure coefficients on the wedge slamming surface, Cp = (p − p0)/(0.5ρv2), p0 = 1 bar. The
immersed boundary method used by Gu et al. [12] overpredicts the pressure peak and produces non-physical oscillations along the wedge surface.
The pressures at the tip are significantly lower for the former than the latter.
4.3. Free fall
The prescribed water entry tests carried out so far have demonstrated the effectiveness of the overset multiphase
code in dealing with these problems to produce accurate prediction of the pressure loadings on structures. In the real300
practice of maritime operations, free fall is potentially a favourable option to quickly launch lifeboats. Consequently,
it is necessary for numerical tools to be capable of handling these important problems.
In 2016, the International Society of Offshore and Polar Engineers (ISOPE) organised a collaborative experimen-
tal and numerical study of ship slamming problems. The Korea Research Institute of Ships & Ocean Engineering
conducted the experiments and collected a set of important data. Figure 22 illustrates the experimental set up for the305
free fall tests of wedges and a hull section. On the right lower surface of the wedge, a pressure transducer is installed
at a location 100 mm away from the tip. On the left lower surface of the wedge, a load cell is installed to measure the
local force impinging on the small area. Please note that the load cell is not used to measure the total impact force on
the structure.
The test conditions for the experiments are listed in Table 1. For the ship hull section, a load cell is installed on310
its left surface, three pressure sensors are installed on its right surface as shown in Figure 22. The tip of the hull
20
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
0
8
16
24
-4 -2 0 2
uu
cp
xx
t=0.21 s
t=0.22 s
t=0.23 s
Xu et al.
0
8
16
24
-4 -2 0 2
uu
cp
xx
t=0.21 s
t=0.22 s
t=0.23 s
Xu et al.
0
8
16
24
-4 -2 0 2
uu
cp
xx
t=0.21 s
t=0.22 s
t=0.23 s
Xu et al.
0
8
16
24
-4 -2 0 2
uu
cp
xx
t=0.21 s
t=0.22 s
t=0.23 s
Xu et al.
0
8
16
24
-4 -2 0 2
uu
cp
xx
t=0.21 s
t=0.22 s
t=0.23 s
Xu et al.
Gu
0
8
16
24
-4 -2 0 2
uu
cp
xx
t=0.21 s
t=0.22 s
t=0.23 s
Xu et al.
Gu
Figure 21: Pressure coefficients on the asymmetric wedge with γ1 = 20o and γ2 = 40o. Left: forward movement with u > 0; Right: backward
movement with u < 0. The vertical velocity is kept constant as -1 m/s. Cp = (p − p0)/(0.5ρv2), p0 = 1. The immersed boundary method used by
Gu et al. [12] overpredicts the pressure peaks and produces non-physical oscillations along the wedge surface.
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Figure 22: Setup of the free falling objects (Unit: mm). Left: wedge; Right: ship hull.
is initially placed at the free surface. The wedges have different deadrise and tilting angles as well as drop heights.
The maximum drop distance is 0.5 m, and it is almost three times the height of the wedge with 30◦ deadrise angle.
This relatively large motion is quite challenging for a single-block dynamic deforming mesh, because the mesh will
suffer from excessive stretching, compression and skewness that could cause the computation to diverge, for which315
an example is shown in Figure 23. Our early attempt to use deforming meshes to deal with free fall problems was
unsuccessful for the above mentioned reasons. One way to circumvent the difficulty is to pre-deform the mesh in
the upward direction, so that the deformation can reduce with the structure’s downward movement to accommodate a
large displacement. However this method is cumbersome and not practical for general water entry problems. On the
contrary, however, overlapping meshes can effectively deal with this issue.320
For each case, we carry out a convergence study by running simulations on successively refined meshes. Figure 24
shows the coarse level body-fitted meshes around the dropping objects. The grids for the three wedges are generated
by using the open source software Gmsh. The mesh for the hull section is generated by using the snappyHexMesh
tool in OpenFOAM. Many other meshing tools are also applicable to generate grids, which could then be converted
to OpenFOAM meshes. Figure 25 presents snapshots of the free surface profiles at t = 0.5 s computed on the325
coarse mesh for each dropping object. The calculated as well as measured time series of point pressure, local force,
acceleration and velocity of the wedges for the first three tests are displayed in Figure 26, 27 and 28. These figures
demonstrate that satisfactory convergence has been achieved for the computations, and the calculated results agree
well the experimental data.
Figure 29 presents the obtained results for the hull section. Convergence has also been achieved for local pressures,330
force and the displacement of the structure. The first spikes are well captured by the present work for the pressures
and local force. For the acceleration, the first spike could only be captured on the finest mesh. After the first spike
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Figure 23: Dynamic deforming mesh for a free-fall wedge. The upper part mesh is stretched while the lower part is compressed.
Figure 24: Overlapping meshes for the free falling objects. Light red: background meshes; Blue: body-fitted meshes. For clarity purpose, the
meshes shown here have been coarsened in x and y directions.
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Structure Test α(o) θ(o) Drop height (m)
Wedge
I 30 0 0.5
II 30 10 0.5
III 20 0 0.25
Hull IV – – 0
Table 1: Experimental conditions for free fall tests.
Figure 25: Computed free surface profiles for the free falling objects at t = 0.5 s. The rectangles represent the boundaries of the small domains
surrounding the objects.
24
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T 0
 5
 10
 15
 20
 25
 30
 0  0.1  0.2  0.3  0.4  0.5
p2
tt
mma
mmb
mmc
lab
 0
 10
 20
 30
 40
 50
 60
 0  0.1  0.2  0.3  0.4  0.5
f1
tt
mma
mmb
mmc
lab
-10
 0
 10
 20
 30
 40
 50
 0  0.1  0.2  0.3  0.4  0.5
a
cc
tt
mma
mmb
mmc
lab
-3.5
-3
-2.5
-2
-1.5
-1
-0.5
 0
 0  0.1  0.2  0.3  0.4  0.5
vv
tt
mma
mmb
mmc
lab
Figure 26: Computed and measured dynamics and kinematics for the free falling wedge 1. Successively refined meshes A, B and C are used in the
simulation.
caused by the strong water impact, the computed and measured local loadings drop quickly following a similar trend.
Disparity between the simulations and experiments occurs at about t = 0.45 s and afterwards. This is due to the use of
a spring in the laboratory to slow down and stop the structure in order to prevent it from impacting the tank bottom.335
Overall, the numerical simulations compare well with the experiments.
5. Conclusions
Numerical simulation of the free fall launch of a lifeboat from a large ship or an offshore platform remains a
vital challenge for computational fluid dynamics. A traditional dynamic deforming mesh method can not properly
deal with the large-amplitude motions of the moving objects in these operations. Other methods like particle based340
or immersed boundary methods tend to produce non-physical oscillatory results and/or excessively over-predict the
impact pressures. To overcome these difficulties, an overset mesh based multiphase flow model has been proposed
in the present work to solve slamming problems in ocean and naval engineering. The developed code does not
rely on third-party overset grid libraries but utilises the wsiFoam framework, which is based on the open-source
software OpenFOAM only, extending it to achieve the dynamic coupling of overlapping mesh regions. The solid345
wall boundary condition in multiphase flow problems, which is difficult to implement for both Lagrangian particle
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Figure 27: Computed and measured dynamics and kinematics for the free falling wedge 2. Successively refined meshes A, B and C are used in the
simulation.
methods and immersed boundary methods, can be exactly satisfied using body-fitted overlapping meshes. A series of
fixed and moving boundary problems including 2D and 3D dam breaks as well as prescribed and free-falling water
entry of various wedges and a hull section have been solved by using the overset code. The obtained results agree
well with experimental data and other computations reported in the literature. This demonstrates the effectiveness350
and accuracy of the developed method for these problems and also shows its potential to be extended to handle
more complex problems. Simultaneously, complementary development of a fluid-structure-interaction code for wave
slamming problems is under way and will be reported shortly. In future, the overset and structural codes will be
coupled and parallelised on HPC facilities to carry out large-scale simulations of real 3D lifeboat launch operations
under high sea states.355
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